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Russian Translation

Field Emission and Cold Cathodes

D. V. ZERNOV, M. I, ELINSON
Radiotekhnika i Elektronika, vol. 1, No. 1, 1956, pp.5-22

Abstract: A survey and general analysis is given in this paper of the
theoratical and experimental work in the region of field emission of metals
and semicenductors and also the perspoctives of the practical use of field
emission are discussed. ’
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1. Introduction

Tt S

Among the various kinds of electron emission, the so-called field electron

A
(3

or 'cold' emission occupies a special place. If thermionic, photoslectronic

and secondary electron emission have already been long and widely used in tech-

L o e,
? o ;-g}»g.w,"‘;f:}

nical electronic devices, then we can speak about the practical usea#‘_.of field
electron emission at the present time, primarily, only as to its pz:oz;’pects
despite the fact that this kind of electron emission has been known almost as
long as the rest (as is lmown, field emlssion was disclosed in 1897 by Yood an.

Evidently, this can be explained by the field emission cathode, despite its
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numerous advantages over its rival - the thermionic cathode, jbeing d:istinguia‘nad »

S eyt
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for a long time, by its great instability, its poor reproducibility and its
short life. * Their extension was hindered by the necessity of using relatively
high voltages for which the field emission current from the pure metal acquires
a sufficiently high value.

Because of the above, the study of field emission took a path rather dif-
ferent from the path by which the knowledge of thermo-, photo- and secondary
electron emission as well as progress .in the construction of new thermo-, photo-
and secondary electron cathodes were developed. If the latter kinds of smission
and types of cathodes attracted a vast number of investigators, where the exper- .

imental investigations and attainments in creating new cathodes often outstripped
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2.

theoretical developments by far, then experimental investigations in the region

of field-electron emission, considerably lesser in number, followed theoretical
work tc & large degree, with the fundamental problems of the experimental work
being, for a long time, the verification of some conclusion of the theory. In
recent years, in connection with the significant progress of vacuum techniqus
which guarantees the possibility of increasing the stability of field-electron
emission and of obtaining considerable field-electron current densities, interest
in field-elsctron emission has been reactivated strongly, insofar as can be
judged from the literature, where, in certain works, the question has been posed
of the prospective technical uses of the cold cathode.

Basically, the development and modern status of work in the region of
theoretical and experimental studies of the field emission mechanism are con-
sidered in this work, i.e., the emission of electrons by a solid body under the
effect of an external electric field which owes its occurrence to the tunnel
effect through the barrier on the boundary of the solid boundary and the vacuum,
and prospective uses of field-emission cathodes in technical electronic devices
are discussed.

Hence, for lack of space, questions related to the use of field-emission
cathodes in electronic projectors, where they play the part of the objective,
or the means to investigate various surface processes such, for example, as
adsorption, evaporation and migration of both the intrinsic and the foreign
atoms, are not touched upon. A number of phenomena is not considered, in which
field-emission participates, amcng them: emission of thin dielectric films when
an intense electric field is present therein; spark-over in a high vacuum; phen-
omena on the cathode in an arc discharge; phenomena on the contacts and in the
volume of a substance which owe their occurrence to the tunnel effect (internal

field-emission) etc. A majority of the work in these directicns can be found
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in relatively recent surveys [2-6] which, however, waswpublished before a whole

series of works appeared.

2. Early stages in the investigation of field-emission. The
Fowler-Nordheim theory and its experimsntal verification

The development of the study of field-emission can be dividsd into sevoral
stages.

The ea?ly experimental work investigating field-emission, basically the work
of Lilienfeld [7] and also of certain other authors, belongs to the first stage
which starts from the moment of the discovery of field-emission, i.e., from 1897
and extending to 1922. A result of these works was the concept of fisld-electron
emission as a very unstable and poorly reproducible effec?.

The next s*age starts with 1922, i.e., with the appearance of the well-known
Schottky theory describing thermionic emission facilitated by an elactric field.
Attempts to extend the Schottky theory to the case of 'cold' emission under the
effect of an intense field served for a while as the reason for setting up a
cycle of experimental investigations with the intent of verifying the fundamental
conclusions of this theory. The experimental facts observed here, such as: the
field-emission being independent of the temperature in a broad range of T
(from 300 - 14,00° K ), the dependence 1g J = £(yE) being nonlinear, very
obviously indicated the inapplicability of the Schottky theory to the case of
'cold' emission under the action of a field [8].

The start of the third stage in the development of the study of fisld-
emission should be considered 1928, when the weli-known works of Fowler [9] and
Nordheim [10] were published, in which a dependence was obtained (for thg T=0
case) between the current of 'cold' emission and the intensity of the elactric

field acting on the suwface of a metal cathode, on the basis of the Sommerfeld

(-




electron theory of metals and the concepts of quantum-mechanical theory on the

possibility of electron passage through the energy barrier at the cathode sur-
i';.;.-‘ [ I

face at the-expense cof the tunnel effect.
This dependence has the following form:
3 © 6.85:10° 9%
6210 LB 52 o[ €:9507 7

(b + @) /%
where J 1s the cwrrent density in amp/ch ; £ 1is the electric field intensity

vl

in “/cm ; # is the maximum Ferind energy in eV ; ¢ is the work function
in eV .

The Fowler and Norcheim theory was made more precise by Nordheim in 1929 by

taking into account the effect of- the forces of the mirror images :[ll].

The more pre~ise formvla is:

5 2 7 g% (vt
J = 1.55'10-0 %— exp[—- 6'85“10 @ 6 (3.02 lg ﬂ):]

E

-l
vwherse 6/-'"62 iO £ is a special function tabulated by Nordheim. In recent

years, the values of this function have been made more precise [12,13].

The first attempts at a quantitative experimental check of the conclusions
of the quantum-mechanical theory of field-emission [lh] appeared to be failures
since, because of the roughness of the field-emission cathodes being investig-
ated {in the form of wires placed on the axis of a cylindrical diode system),
the actual values of the field intensity at the surfaces of the separate micro-
scopic ptojections appeared to be indefinite and not in conformance with the

values of the field intensity computed by starting from a given potential differ-

3t

AP %
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-

ence and the macrogeometry of the electrode system.,. Attempts to eliminate the

influence of the roughness by using a liquid cathode [15] operating in the

PRI
&

P

iJ'ti;Julse region, also did not give positive results, -
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Success was attained first, just after Miller [16] obtaired a perfectly
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smeoth {i.e., smooth to the accuracy of an atomic distance) surface of the field-
emigsion cathode which was prepared in the form of a needle of tungsten or molyb-
denum by chemical etching of the wire with the subsequent heating of the needle
thus obtained in a vacuum,

Considaring the cathode-plate system a= two corfocal paraboloids of revolu-
tion, Muller determined the field intensity at the su:race of the cathode, which
was a needle with the radius of curvature approximately equal to 0.6 u , and
he obtained the value E = 3.5.107 v/cm for a plate voltage of 8000 V and a
current of 1070 amp (corresponding to a 200 amp/cm2 current density). Hence,
a value, corresponding to that required by quantum-mechanical theory, was obtained
experimentally for the first time for a field intensity causing a notable field
emission,

The next big step along the path of experimentally confirming the quantum-
mechanical theory of field-emi sion of metals was made by Haefer [17], who used
an electron microscope to determine the shape and dimensions of the field-emission
cathodes which were prepared according to the Muller method. Haefer made a gquant-

tative verification of the Fowler and Nord'«i= fcrmula for these cathodes, which

congisted of determining the numerical constants A and B in the formula

J = AE2 exp!:—- g: in terms of the semilogarithmic characteristic 1lg %—2- n f(%) .
The A and-B _values found experimentally in this way appeared to be in good
agreement with their theoretical values (calculated according to the Nordheim
formula by taking into account the mirror images “or ? = 4.5 eV and

p = 5,71 eV ). Along with the experimental verificstion of the relation between

the field emission Current density and the electric fieid intensity resulting

# It should be noted that the needle radius in the Maller experimsnts was
determined by using an optic2l microscope, i.e., was very inaccurate so that the
.o Muller result is not completely reliable.

L.
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from quantum-rmechanical theorv, attempts were made to investigate the dependence

of the field-emission on the work function of the cathode material [theoretically

>
tha slope of the characteristic 1g %5 = f(%) must be proportional to ¢"].

The first works in this direction, in 1936, led to an erroneous result. However,
in 1940, Haefer [177, superposing films of barium, potassium and cesium on the
tungsten needle in both a thick and i; & covering (monoatomic) corresponding to
‘the optimal in tne sense of lowering the work function, and determining the work
functicn of the cathods in each separate case from the slope of the semilogarithmic
characteristic, cbtained data in very good agreement with the known values of the
work function for the films investigated. Hence, the proportionality of the coef-

3

ficient of the work fun.ction tc the 5 power, entering in the exponential of the
Nordheim equation, received convincing experimental verification. It should be
roted that the method of thé Haefer work suffered from certain deficiencies: A
hyperbolic approximation was used to compute the fiela, which is not a very exact
method {for example, see [1%,19]); the field-emission current was averaged over
the whole emitter surface, where the averaging was cariel out cn the basis of
the result of auxillary experiments which introduced aiditional errors; the solid
wngle of the Ciel - miscicn output was determinen inaccarately; no attention was
raid to the 'atomic configuration' of the surface. Subsequently, a number of
investigatours {zu-27} ovtatned ihe volt-ampere charact:ristics of fisld-emission
Sor various taces of single-crystal tun:sten needles and calculated the work
furstion fcr these faces. .Jderce, Oyke and Trolan [22], using the results for

the work function of the warious faces of single-crystal tungsten taken from the
wark of KNicols [23j un therma. emis.ion, obitained very good agreement between

the slope of the semilozarithmic characteristics found theoretically and exper-
imentally.

A vory coavinceing argument in favor of the cor-eciness of the quantum-

-
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mechanical theory of m i results of investigating the energy
distribution of the field-eiectrons. A computation of such a distribution is
given in [3‘,33]. The rirst experimental work in this region, due to Henderson
[29) and Miller [30], showed that the maximum field-electren energy corresponds
to the Fermi level for the cathode electrons, as should have been expected.
However, the wid;h of the distribution curve obtained by these authors is con-
siderably larger than theory rorecasts.

Subsequently, Miller (31], eliminating the sources of arror related to th;

gg g eond uwits distortion of the electric field

[ which occurred in the apparatus he
had used before, repeated the meas-

urements of the energy distribution

of the field-electrons and he ob-

1
!
!
!
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1= >
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tained a perfectly extraordinary

It

*0.5 -6.5 ~lo £(eV)
Figure 1. Theoretical curve of the
field-electron energy distribution for agreement between the theoretical

= 00 ¥ T o ;

zgrrgsp;nda?g t:e eiggrlgeétafh;ofgzg?es and experimental distribution curves.
The Muller result is shown in
figure 1 wherc the ‘ashed cwrve is the theoretical iistribution for T = 0° K
and the sclid line 1s the theoretical distributicn for [ = 500° K (approx-
imately equal to the temperature at whicn the measurements were made). As seen
from the figure, the experimental points lie almost exactly on the theoretical
curves,
Finally, the corfectness of the quantum-mschanical theory of field-electron

emission was confirmed experimentally by the fact, established by Miller [30] and
iater by Fleming and Henderson f3h], of the absence of any noticeable cooling of

the field-emission cathode as must certainly occur in the case of emission by

thormally excited vlectrons. However, the heating of the emitter because of the
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Nottingham effect [21], forecast by quantum theory, was not detected in these

R
SABEUF Lty . Rt

experiments although the sensitivity of the experiment was sufficient for this.

. .
ennnn AN,

Apparently, this is explained by the good elimination of heat from the end of
the needle.

As seen from the above, the quantum-mechanical theory of field-electron
emisgion has received completely satisfactory experimsntal confirmation for the
case of relatively low temperatures and not too high current densities at the

start of the fortieth year.

'\

3. Temperature-Field Emission
The next step in the development of field-emission theory was the generaliz-
ation made by Guth and Mullin [JS] to the case ¢f arbitrary cathode temperatwure
and the presence of as intense a field as desired at its surface. The expression
they obtained for the field-emission cwrrent density of a heated emitter is:

=2

© n+l
J = 1.55-107° R 120,72 3 =) ( 1 1

——— + v
o% nl " (n+8.813.10°%6¢% I n-5.813-10%09% ¢

r %
exp !.-— 6.838-107 %— 8]

where £ is the field intensity in V/cm 3 ¥ 1is the work function in eV ;
T 1is the emitter temperature in °# and 6 1is the Nordheim function. This
relation is correct under the condition:

8.813-10°69% 3 <1

Lukirskil and Tsareva[36] first made an experimental investigation of the
dependence of the field-emission current on the {ield and on the temperature
with the idea of confirming the Guth and Mullin theory. The results they ob-
tained are in gualitative agreement with the conclusions of the theory. Regrett-

ably, the quantitative agreement between theory and experiment was not established
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The results of the computations are illustrated by the curves shown on

figures 2, 3 and k.
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figure 3. Theoretical curves of the Tiaure O TheoreLigal aey endence
energy distribution for the emitted elcc- of the carrent density on the elec-
trons at 4.5 ¢V fir varicus fields at tric field at various tempegatures.
T = 3000C K (solid Iyng) ani for e con- o 0 000 3070 (g 40 Yy 1444
stant fiela = = 5'10% %/cm at various : v B cm
temperatures (dashed curves). off along the horizontal.

Figure 2 shows the eneryy distribution of electrons calculated for various
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temperatures (from 0° K to 3000% ) and fields (from 2.0.107 V/em tb

7-107 v/cm) . The maximums of the curves are reduced to a common ordinate. The
numbers I, II and IIT mark the regions corresponding to electrons emitted

at a level below the Fermi level (I) , at a level between the Fermi level and
the peak of the potential barrier (II) and at a level above the potential
barrier at the metal boundary (IXII). Shown on figure 3 are distribution curves
for constant temperature (3000° ¥) and various values of the field intensity
(so01id lines) and for constant field intensity and various temperatures (dashed
curves) .

Figure 4 gives the dependence of the current density on the reciprocal of
the £ield intensity constructed to a semilogarithmic scale. As seen from the
curves, the influence of the temperature on emission is hardly perceptible down
to tomperatures of the order of 1000° X (which expldins the independence, found
at the time, of the fieli-eaission on the temperature, for example, in this same
interval of values of the latter). Only as the temperaturs 1s increased further
does its influence on emission start to be expressei to any large degree, espec-
ially in the region of not too stroﬁg fields. All *hese results are completely
reasonable, qualitatively, and require no further ex;lanation.

Later in [39}, an experimental vorification was rade of the computational
formulas for the field-emission, averaged over the surface, ¢f a tungsten needle
in the (& 5'107'v/CT Lo 7-107 chm field -ange ani for temperatures from
3000 K to 2000° K . The nee ile geometlry was examined by using an electron
microscope and the apjropriatc computational formulas were used to determine the
field intensity ai the cathcde surface (see 12]). The temperature was meas-
ured by an optical pyrometer and was checked by the thermoclectric current in
the absence of the field. In order to decrease the role of temperature emission

of the needle carrier, the latter was made very short and the temperature did
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12.

not exceed 2000° K . In order to eliminate rebuilding of the needle surface

because of migration, the measurements were made during a very short time,

23 80010 %’;

1 7

/. Tk

190 e % l:‘.o iBe  240°

F:l-‘*"'ﬁﬁ. - 6'(,7.,07 c%h

[4 /] 0 Mf‘k

svo losw NV gous S 7008  Lus  SDe /980 1JTO 1 ped

Theoretical curves of the dependence of 1g %— on T (°K) for

(o]
several values of the field. J is the field-emission current
density at a given temperature. J, 1s the same at 300° K .
Experimental results marked by dots.

As seen from ficure S, the experimental results confirm the results of
computations made by the method described in [38] if the appropriate corrections
are introduced for the dependence of the work function on the temperaturse and
for the variation of the needle seometery during the time of heat treatment.
Apparently, there are nc experimental results on the enerqy distribution of

field-electrons for various field and temperature values in the literature.

L. Investigation of field-emission for high current densities
In the past several years, Dyke and his colleagues have published a cycle
of works of not only purely theoretical, but also, of practical interest.
These works can be considered as the beginning of the fourth stage in the
development of the study of field-electron emission characterized by the trans-
ition from the purely physical investigations to investigations with an explicitly

expressed physical-engineering direction.
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o1 trs first of these works, publistedi in 165 [0, iprelimin
s=vorfs wers published in 1951 and 1952), the authors, taking into accourt that
1o cktain the highest possible current jensities was an essential for practical
applicaticns, sot themselves the poal of extending the jnvestigation of field-
emission to ortain the 1imiting current density values at which an arc discharge
15 usually olserved in a vacuum,

In o: lor to otabilize tne emission for such very hich specific current loads
Al tne ox onse o lowering tne infl.icace of such faciors as cathode bombardment
Ly rositive 1ons, tiermal heating, surface contamination, atum migration, -te.,
the authors usel an impulse measurement method. In order to insure ajainst
atnele ccntam:natior ' tho residual jases, approrriate measares Were taken to
-uaranter suitable paraty o7 the materials usei and a sufticirntlv nlgi vacuum
iy o vt anaclderine o0 the oxperimntal tute and reaching

Lhe e by o getter and

a1 time considerably
i oo the mpasuramento. Clnde -+ coniitions, it
a stable constant cwrrent 'y ‘o 8 for a
cerresy o fing toa callode cwrent Ly of tre orcer of

"

M oAutt.ord remark trat the limit to the furthes incoease of
wt re piate heating (~ 40 10007 in this case,
t. wr . 1i'eratier of oxygen which cortaninatea tr
‘ro ot ,uent simaificant arop in crass:ion per Lime
Tt wows i te rossidble to record mudt larger currents in *Le impulse region
microsecend vudses) were the cathode to remain imeont aninated,
A typical volt-am; :r~ characteristic of £firli-omission, recorded partially

3 1 < ] v i R -X
at eonstant cwarent, partially in the impuise regior anld onstruciey on a
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However, the autnors emphasize that thelr results are rual only under
coniitions of a very high vacuu= and purity of the materials used. In the
.ulhors! opinian, the mzchanism of vacuum arc formation reduces to the cathodea
being heated by the high density currents flowing therein causing a further
increase in emissien (in conformance with the conclusions of the juth and Mullin
theory), with the final result being the evaporation of the tungsten. The arc

1 i i i the tungsten neeile, iavelops in the tungsten

Pis.har e, o

capors fonlc '. trons i -time (on tne order of 1 usec )

tripuls » . g : ©oaud o} ) 1 geo 190. liberatei fron
arliil.a  in the fermation of the arc. The transition of

alectron em..sisn into the arc dischar te 1s accompanied usually

7 A% 1N creaos 1n the carreat of two orders, The cl.aracleristic pre-arc phenc-
M1, accurilng Tu tne rrescrie of which the achievement of the upper limit of
the stabl- .urrense ™ asLessed, anvariably preceis) the unset of the arec.
na st uate wore : ’:', published simultancously ~ith that just cited, a
computat1on wat mate of cre variation of the temverature ol the f1el i-emission
1arirs tre process of removing fiell-emissi-n current *)erefron at the

or i1iberatiy o wlean neat by starting from t .. imom cathode jeometry.

a'1cn 1% was 3 own that *=at1: - .t b0 escense of

Su'san hoab 1. cuiiloicnt 4. melt the cathod: at the ~oat.owe uwrrent density

2
wri~h enrresponis to the bezinning of fY- levelepment of the

vacuum arc ani 'ra’ ' '-a*int process occurs extremelv vrapiilv 'within a time
se )
T Nt
the same v 1763, the work ‘4. appeared whicn contained an analysis
o f v o anfluenee 5f ' » syace charge on the magnitude of the [ield-emission

sarient LGt int. a:count that the well-known Langmuir equation, which

assunes - fdals the cathode equals zero, is not applicable here, the
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17.

authors, integrating the Poisson equation (for the plane case) under the asswmp-
ticn that the fi2ld is not zero at the cathode but equals Eo and using the
Hordheim formula in the form

.
J = c..“2 exp,'—a—;
o L %o

find the rclation between the plate potential V and 2 :

r . .
! \ BV °K2C2L d ‘(D"— 'gl)'; - 33 d
L o: v o o

where k 1is a pronortionality coefficient which enters into the Poisson equa-

; 1 1is the distance between the electrodes

[t last equation ani the Mordheim formula jointly permit the field-emission
current density to oe determined which is limited by space charze, for any value
of the potential 7 .

The quantity 1 was chosen in the computations so that the field in the

- lane system (1n the absence of space charge) would corresponi to the field at

tne ~athode unler real coniitions for a given value of the aprlied notential.

7 Cr~

Ry

pehavior of the i-penience of the [ield-

emission current iensity on the applied

T(J "'") Shown on fizure  is the theoretical

voltage computed without takingz the space

charge into account (curve ACE ) and

NWRWE N U

taking the space charge into account

40 -

L 1 1 1 1 2
[} I 3 4 5 6

(curve ACD ). Shown there for compar-

Pigure 8. Dependence of the
current density on voltage in the
presence and absence of space charge.

ison is the dependence cf J on ¥V
constructed acceriing to the three-
haives law {(curve BD ). As is seen, the curve ACD approaches 33 asymptot-

scally, running together with it for large V .
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Ak

figure 9 illustrates the result of comparing the compute i (solid 1ines) and
the exmerimental (points) lependences of 1g J on the reciprocal of the field
intensity. Curve 1 corresponds to pure tungsten; curves 2-4 to barium on
'ﬁ» tungsten for various legrees of covering
(the values of the work function needed
for the cor utations in the case of a

varium film on tle tunissten, were deter-

ained accoriing %o the slope of the semi-

1 3,
55 lorarithmic characteristic in the small

- Figure ¢, Compariscn of the
experimental data and the theory of
field emission taking space charge in%o
account, 65 - the Langrmir curve

current region}, curve ° is constructed
according to the three-halves law.
As seen ‘rom figure ¢, the agreement be'ween theory an] exreriment appears
e . - . - ~ amp 2
to te completely satisfactory in the range & curren. iznsities from 2 /cm
gl @, 2 . . . . . .. . .
to 4°10 P /em” while the theory not takin: the influence af space charge into

. . . ces . fam, 2
account was justified only for curren. densities not axeooding 410 “/em

Tinallv, in 1956 the wory fﬂgj appaare i shich was levoted to tae investig-
ation of a field-ermission catlLole prepared from rhenium, Juch a cathoie appears
o be insensitave ~reogence of resilual cases., As rcsn by ofservations
maie in the ccurse of Lo weezs (using an elzctron rrci - tor, on the behavior
of a vhenium Tirll- -mission cathole in the same ervelope wi*t a funisten cathorie,
the surfac: of the first remained pure whiie the lun-sien surface #as covere ]
rapidly by an a‘sor el fiim. This result 1s of substantial interes' {rom the
peint of virw of the possibilavy of increasing further th. stavility of field
enissicn cas-cies.

As 15 sc-n frc— all the avove, the U r. rmission of rure metals
has Ye:n studzel rat er cormletely, to the present tire, ootn treoreticaily and

experimentallr  “videntlv, the jevelorment of tne theorv of field-electron
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can be considered, hasically, completed and the conclusions
theory can be considered confirmed by experiment to a sufficient degree.
Nevertheless, it is necessarv to note that the objects of investigation were not
all metals by far. The mcsi—csapietely investigateld was tungsten. Less com-
pletely stuiled are molybdenun and nickel. Only slighily investigated are

tantalum, rhenium, copper, zirconium, silver, niobium, nlatinum, vanadium and iron.

T

». riell-electron enission of semiconjuctors

Uniil recently, only the work of N, D. ¥ S ': was known in the region
of the theory of ri:ld-emisaion of semiconguctors. ne of the fundamental pecul-
jarities ‘'istincuis*irg a semiconductor from a metal is taken into account in
this work; namely, trne capacitv of an =:xternal electric fiell te penetrate within
the semiconductor causing, thereby, an aprropriate iistortion of the energy zone
of the cathode which leads te a decrease in tne internal work function % by
&7 {ani, corr-.:oniinglvy, to an increase in t'e concentration of the conduction
electrons ab “-= cathe<: surface) in addition to a decrease in the external werk
functicn ¥ br ‘I sc that tae %otal work function ¢ iecreases by

L = hn s AL (Fipure 10), Limiting

timself to the caze of nol too high

: v
fields (S € 5-1C "/em ) when the

vYGooece,

election cas in the: coniuction band

§ ”%»l renains non--zoenerate, negl¢ cting the

as q o . ~ influence of the electric mapping force
figure 10, =Znerzy diagram of a :

semiconcuctor without field aprlication

(I) ani wit an appliod field (II). and witheut taking into account the poss-

iple :»formation of *he energy band of
te semiconducter ab tne . o } Morgulis
obtains ' “cilowing axp: lor, for oo : ol semi-
-mnvioteor
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roalh
J? = c e =

-

Here, a = 6.3-107 3 & 1is the wiith of the occupied band; Ql = (X +Q) 1is

the rhotc-clectric work function; O € a €1, The Jl and J2 components of
the ficld-emission current correspond to: the first to the electron current
passing through the barrier from the conduction band; the second to the e¢lectron
current supplied by the occupied band. For not too strong fields, the Jl com-
vonent plays g fundamental part.

It should be noted that the whole seories of assumptions made by N. D. Mor-
gulas to simplify analysis of the problem, naturally, must limit the region of
application of the result obtained,

Stratton {h?l recently publish~i a work devotel to the further development
of the theory of semiconductor fiel<-emission by analyzing the same problem in
a more general form without the limitations made by I, D. Morgulis,

Stratton, in his werk, derived formulas determining the [ield-emission
current density for the [ollowing cao. o:

1. Surface levels absent; external field does net jencirate the semicon-
ductor, In this casev, if the effect of the =irror ira-:s are not taken into
account, the expressicn obtained for the current density is:

11 ko L]
axp— 5 = A°

3 E
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ifare n i35 the concentration of I{ree elecirons in v.:m"3 ; k 1is the

Joltzmann constant; ilelectric constant:

Y | .- -1
T £,15-10' (el) * cm

the rest of the notation is as before.

2. Surface levels are absent, the external field penetrates the semicon-
Juctor. IWo cases can occur here. If tne external field is insufficiently
larze so that “axwell statistices for the electrons near the semiconductor surface
would  appr ar to he inyplicable (the bottom of the conluction band is located
above *he level of the chemical potential by a quantity considerably greater
than xI' ), t*<n the solution of *he prroblem leads to a resuwit analogous to that
obtained by . D. ‘Yor;ulas. Accorling to the Stratton ¢stimate, this result

. e H Y
must be correct for <& Ye.1.5-107 “em .

1 +he externa: field ieforms the ~ner~y lands ol t.e semiconductor so much
that the botteom of the contuction band at its surface is located below the level
of the chemical ~ctential bv a quantity considerably larrer than kT (according

b - ool ¥ :
to Stratton, for = 1/€:1.2-100 "/em ) then the electren ;as in the region of
ti o semiconductor wnich aijoins its surface becomes degenerate. 1In this case,

P

the expression ohtaine? {or the current densit. is:

~ e ¢ ) !
e 3 =~ ko 2xav X 7-( /1 . 2kov A *
- s e

, -
d=*:TT8'Y‘7"§T7(.‘9(“)"'*P —= l ™

R \ 155
e - 1\ Y2
us (5 3

The conditions o v fulfilled here must Oe:

A S IV
1,200 ye <5 <<3.L 10 Y 28T

Regrettably, the theory does not analyze the intermediate states of the

semiconductor between cerplete absence of jegencration and intense dezseneration
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of the electron gas.

3. The presence of charge occupying the surface levels and leading to the
appearance of an internal bax;ier at the semiconductor surface wo [hB} (fig. 11)
is taken into account. In this case, the theory gives the following expression

for the field-emission current density:

KT fv ) ro)yk 4 1
J =en Vﬁ epr(—T_! eXPl- 3§ > 9(“)j

This expression liffers from the expression obtained for the case of surface
Yoo levels absent (under the assumption that

the external field does not penetrate the

gsemiconducter and taking the effect of

the mirror imazes into account) by the

factor:
v 1
expn-—Tl
Figure 11. Internal barrier ~Td
created by charges of the surface

e ¥ is the variati the height
states and by external field variation, *here 7 1s the variation in the helg

of the internal barrier caused by the
external field. Computations of the values of V are made in [h?].

By assigning acceptable values of the parameters entering into the relations
obtained for the field-emissio.n current densits. 3Stratton carries out a comput-
ation of the dependence of 1lg J on % for all the cases h~ analyzed. The
results of the computation are shown on figur. 12,

Here, curve I is obtained from the relation derive? for the first case
without taxing the mappiég force into account; curve II is from the relation
for the same case but taking the mapﬁiﬁg force into account; curve III corres-
ponds to the case of field penetration into the sewmiconiuctor which leals to
degeneration of the electron zas at its surface; curve .. corresponlis to in=

presence of an internal surface barrisr specified by the surface levels. The
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23.

curve IV is of special interest. For weak fields, it passes below curve II

since the electron yield here is made difficult by the presence of the relatively

s - 1 high internal barrier. However, as the
+

AN field increases further, the shielding

2

effect of the surface charge at the sur-

face energy levels, attenuates, con-

-4 I~ \ ~ s .
- - ~ = sequently, emission 1lncreases here con-
- i S ]
l\E\, siderably more rapi-ly than in all the
el ] 1
. £ . -
e & 170V " 4\% rest of the cases where curve IV inter
:Lf ’y.o lir 353 3. o
Y Y Y R sects curve II for a certain value of £
E GateVen™)

R . - 77
- o JORPS.. .
#igure 12, OJependence of field- (in this case, E = 2.5:10 /em), which

emission current density {rom the semi-
coniuctor on the field.

testifies to the complete disappearance

of the internal barrier ('puncture of
the barrier'). Ffor fields much higher than this ~ritical value, the field bends

the energy band in the oprosite lirection and the current varies in conformance

with *he rclation obtained for the case ruflected by curve IIT .

’e -

™e Strattcn work and the werk of M, 0. or-w.is have laid the foundation

>

of the theory of secmiconductor fie) l-emission. hiu theory awails experimental

verifica*ion which, prchably, will be one cf the ocje s & experimental werk

on field-emission in wn2: rear future.

ilenc . if the *» -y of semicor:uctor “iel i-emission can bt considered to
Vave been advanced sufficieniiv tar aftor the publicatien of th. Stratton work,
then iho matter of wxrerim ntal dourt in Wiis regiun is consil.rahlv less secure,

Insofar as we mow, t-r.c¢ investizations o~ this ~urction have been pub-

: : . - . + < . . * .
lished in the literaturwe, Th- firsv of thesc 1s DY 3rezinev L9, the second

]

[l . s . 3 :
by Apker and Taft O ani the thiri by schleicher (517, As is kmown, 3rezhnev

studied the electron =mission of an antimony- c-siun photo-cathole. Regrettably,
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the roughness of the cathode made the determination of the true value of the field
intensity at the cathode impossible. Consequently, a guantitative corparison of
the results obtained by Brezhnev with the conclusions of the theory is noct poss-~
ible. Qualitatively, the character of the variation of the emission with the
f1eld in the Brezhnev experiments, apparently, corresponds to the case illustrated
by curva III on fisure 12.

Touevoar, inasnuch as it is not clear whether the micro-relief of the surface
of the antimony-c¢esiium cathode remained invariant juring the measurement. it is

1ifficult to conj>cture tow far such a qualitative comparison is valid,

‘henomna are lescribel in the Apker and Taft work which are observed in

the case of field-emission of needle-shaped single-crystals of <d3 (or Cdse).
The hish sensitivity of the :mission cwrrent to illumination which excited photo-
coniuction in the Jd43 1is established luring the experiments. The authors
.o this to the iocrease in the resistance of the photp-semiconductor and to
the related increase in the fiecli intensity at the point of the needle-shaped
sin;le-crystal. The fieli-emission of an ircn reeiie ~¢v »o? by an oxide film,
Fu30h was stuuield in the 3chleicher worv. Insensitivity to adsorption of just
the kin! thal was observed for pure rheniam is characterisi:c for emission fron
such a {ilm,

cust as the Trezhnev sork, the two last workis o not affori the rossibility
ol comparing rosults with theory nor also of makin< a quantitative comparison
with field-amiss:o1 from meta.s.

fiel l-emission of Jdielectrics, Lo obtain some noticeable

emission current here requires the presence of not an external field so much as
a sufficiently strong fiel: within the dielectric itself so that, first of all,
its conduction would become lar ;e enough. e nmecranism of U enomenon which

occurs herewith bYoith in Wie Jizlectric itself ani on its contact surface with
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_ the metal electrode is similar, to a considerable degree, to the me chanism of.
the phenomenon observed in dielectrics in the pre-breakdown state. Ccnscq\ier:};ly,. .
the question of field-emission of dielectrics must be considered in common with
the whole complex of questions referring to the theory and the results of aexper-
imental investigations of the pre-breakdown state and puncture of dielectrics.

Inasmuch as these questions are beyond the scope of the present paper, electron

emission of dielectrics, caused by a strong field, will not be considered here.

€. On prospective practical uses of field-emission

In conclusion, let us touch briefly upon the ciuestion of the possibilities
and the prospects of practical use of field-emission.

It is well-known that, starting with 1937, field-emission cathodes began
to be used widely in electron projectors, being a very valuable instrument for
various physical and physico-chemical investigations, among them to study the
field-emission itself (the observation of the stability of emission in terms of
the stability of the image obtained on the projector screen; observation of the
field-emission of various sections of the cathode surface, etc.) and also to
investigate various surfa~. processes occurring on the single crystal faces under
various conditions such as, for example, adsorption and evaporation of atoms of
foreign substances; migration of surface atoms, etc. (for example, see the work
of Shuppe and his colleagues [52] and also of a number of other authors). The
use of a field~emission cathode in an electron projector guarantees the possib-
ility of obtaining an extremely large amplification (several million times) of
the image with relatively high brightness and very high resclving power.

The field-emission cathode in electron projectors is, however, the instr-

ument, if not the object, of investigationms. Moreover, the field-emission

cathode has a number of valuable qu%ét:vigs which can make it a serious competitor

¢
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‘of the thermionic cathode, which is in such widespread use in technical electronic-

devices, in the very near future. Among these qualities is_the absence of the

expenditure of energy which is necessary to the thermionic cathode to maintain

a_hipgh temperature and, x;xorgover, the absence of a requiréd filament supply which
is related to a gain in the efficiency of the device; the decrease in the bulk
and weight of the installaf:ion in which it is used and also the elimination of
difficulties relating to the necessity to isolate the filament supply in cases
when the cathode is at a high negative potential with respect to the ground. A
very substantial adventege of the field-emission cathods is that it does not

require tims to be heated and is always ready to operate. Another practical

advantage of the field-emissiocn cathode is the possibility of removing extremely
high current densities (up. to __10§ j,"?/_’cmzh)_, .approximatoly one million times
greater than the maximm emission current demsity for a thermionic cathode. This
permits relatively large currents to be obtained from cathodes with extremely
small dimensions (Dyke [53] indicates that a current of several amperes can be
obtained from a field-emission cathode which can be discerned with difficulty in
a good optical microscope).

This latter fact discloses new possibilities to constructors of electronic

apparatus,_in particular, of apparatus in the uitra-high frequency range where

the questions of_obtaining high_ current densities and small bulk in the eIe ctrode
gystem play a‘irgx:y_q‘ssential rol_fa,“z_;s is known.

The field-emission cathode is, in the complete sense of the word, a point
cathode which makes the prospects of its use in electron-optic systems, used
cathode ray devices when it is required to obtain especially small cross-sections
of the electron beam, very ailuring. The field-emission cathode will probably
be more stable with respect to impa& and jolting in compar:Lso? to the thermionic.

Finally, in certain cases , the extremely high sensitivity of the field-emission

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/02/14 : CIA-DP81-01043R003800240001-9



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/02/14 : CIA-RDP81-01043R003800240001-9

21.

cathode with respect to the plate voltage variation can appear to be of practical

importance, i.e., the extremely high steepness of the volt-ampere characteristic
.of fig_l,d;emigs}gg

Despite all these positive qualities, the field-emission cathode has still
not attracted the attention of constructors of electronic apparatus. The instab-
i1ity, poor reproducibility and short life-time of the field-emission cathodé,
as was remarked above, hindered its practical application for a long time.

Among the field-emission investigations described above, the fundamental causes
of these deficiencies were established successfully, where, as was mentioned,
among these there are: 1. Adsorption of residual gases, as well as gases liberd
ated from the electrodes and envelope of the device which would lead to a vari-
ation in the cathode work function and, besides, in the emission current. Here,
because of the migration and the variation of a number of adsorbed atoms, cur-
rent fluctuations, similar in effect to flickering, usually occur; 2. Cathode
bombardment by ions of the recidual gases and also by the gases liberated from
the electrodes and envelope which leads to an jrreversible variation in the
cathode geometry and a related variation of the field intensity for the separate
elements of the cathode surface for an invariant potential differencé on the
electrodes and, therefore, to a variation in the emission current; 3. Migration
of the intrinsic atoms over the cathode surface, variation of the cathode geom-
etry under the action of the ponderomotive force of the electric field, evapor-
ation and fusion of the cathode under overloading.

As regards the last reason for instability of the field-emission cathode,
it can be eliminated easily by a suitable choics of its cperating region. The
first and second reasons are more difficult to eliminate. However, the effac£
of these reasons can be lowered considerably, at the present stage of vacuum

technique, by using pure enough materials, by degasifying them carefully and
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by creating the highest poasible evacuation (a vacuum oi' ‘the order’ or 10"9 10'
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‘mm Hg and higher) The use of these measures at tbe present time enables riald- Lt
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. emission cathodes to be obtained which operate with co._ﬂ@ ete stab:i.'lity' ror at

K

least several héurs of both eontinuous and pulse operation. However, inasrmch

.

as maintaimng snch high vacuums in engineering electronic’ ‘devices is difficult

k -

rge W g e
"y
7

at the present t:l.me and stable cathode Operation must oceour through a very long
period, Dyke in one of his latest papers [53] recommends using field-emission
with a pre-heated tungsten cathode inasmuch. as the tungsten cathode will 'not
adsorb residual gases in the heated state., In order to decrease the influence
of ion bombardment and cathode h‘eating by the currents flowing therein, it is
recommended that the field-emission cathode be used in the impulse region.
According to the Dyke communication, he observed stable field-emission current
of 0.2 amp from a pre-heated tungsten needle in the impulse region (micro-
second impulses with a 300 impulse per second repetition rate) through 200
hours.

It is essential to note that a number of reports, at recent conferences
devoted to field-electron emission [Sh], wag devqted especially to questions
of_emission stability where these reports included information on devices using
field-emission cathodes operating stabl

It is indisputable that the fundamental direction of the work in thi‘s
direction is the correctly placed search for such substances which would have
sufiicient resistance against ion bombardment and adsorption as well as the use
of any other methods which would decrease the intru&%n; actz\_on of the above-
mentioned factors.,

*  Also important is the search for sufficiently rugged and stable substances

with a lowered work function.
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7. Conclusions

Summarizinz, we can give the following characteristics of the modern
state and the prospective further work in the region of field-electron emission:

1. The quantum-mechanical theory of the field-emission of metals can be
censhlere ] perfected in its general characteristics. This theory has withstood
all kinds of experimental checking and has received a completely satisfactory
experimental verification. As the object of further work, it would be possible
to recommend making more detailed investigations of the energy distribution of
field-electrons for varjous values of the temperature and field intensity.
Moreover, it is desirable to extend the investigati;n of field—emissioﬁ to a
broader circle of metals.

2. The theory of field-emission of semiconductors has progressed con--
siderably, however, experimental work in this region is almost completely
missing. It should be recommended, in every way, to set up experimental invest-
igations of the field-emission of semiconducting materials both with the idea
of verifying the theoretical conclusions and with the idea of seeking new field-
emission cathodes suitable for practical use.

3. The technique of obtaining relativciy stable, reproducible ;nd long-
1ived field-omissicn cathodes has progressed comparatively far (but has still
not been developed completely), which makes actual, in the more-or-less cloée

‘ p£ospect, the formulation of the q?pstion of using field-emission in certain
technical electronic devices. The search for means to inarease further the
stability of field-emission cathodes must be one of the foremost problems of
research workers in the near future.

Dec., 1955
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Recent Fiold Emission Literature in Rugsian

1) D. Y. Zernovand M. L Elinson, Field Emissgion and Cold Cathodes, Rad. i
Elek. 1, 5 (1956). Abstract: A survey and general aralysis is given in this paper
of the theoretical and experimental work in the region of field emission of metals
and semiconductors, and also the perspectives of the practical use of field emission
are discussed. (Traaslation by Friedman for LRI ig available. It {s notable that
this survey article, apparenatly intended to stimulate further work in the field,
contains s good bibliography of non-Russian references but almost no previous
Pussian papers are cited.)

2) G. V. Spivak and A. Gal'berg, Study of the Auto-Emiesion of Electrons by
Nickel, Dokl. Akad. Nauk USSR 94, 455 (1954). Abstract: The topic has been
studied earlier by Muller (1937-8) and by Tsarev (1948) but the present authors
introduce rsfinements and go further in (a) studying the cifect of H on the Ni
parsicle, (b) studying the change of the auto-emission of Ni when passing through
the Curie point, (c) measuring the angular distribution of current denaity of a
heated Ni single crystal. Comparison of Tesults with the theory of Stanski and
Suhrmanu {1948) ghows divergences.

3) I. L. Sokol'skaya, Surface Migration of Tungsten Atoms in an Electrical Field,
Zh. Tekh. Fiz. 26, 1177 (1956). Abstract: The apparatus used was the conventional
spherical projector 8 cm dia. with a tungsten point, the anode being an "Aquadag"
layer on glass. The fluorescent screen waa obtzined by coating a wetted bulb
gurface with willemite without using aay binder. The rates of the structure-
transition and smoothing processes were determined as the reciprocals of the
times of the transitions. It was found thsat these procosses can be characterized
quantitatively by changes in the field emission current at fixed poteantial, the time
of the complete structural tramsition being dstermined 2s that in which the current
attains a constant value. The atructure-transiticn precess docsn not dspend on the
field sign; hence the metals whose atoms migrate on the metzl surface in an
electrical field can be treatod as dipoles moving along potental gradients. The
structure transition in a field of the opposite sign makes it posaitle to protect the
point against icnic bombacdment and to carry out the experiments in very etrong
fields without caueing the point to be melted by the electronic current. The sneqgy
of nctivation of the structure transition and the smoothing proceas were determined
to bo 2.36 and 3.2 eV, reapectively. The obtained data, when interpreted in
accordance with the theories of Frenkel and Stransk:i and Suhrmann yield values

of interaction between two adjacent W atoms 1n the crystal lattice, which agree
with those obtained from the heat of evaporatior.

4) M. 1. Elingon and G. F. Vasil'ev, Auto-Electronic Emission of Tantalum,

Zh. Tokh. Fis, 26, 1669 (1956). Abstract: A brief account of experimental
investigation of tantalum (in the shape of 2 pointed wire) up to 2000°K and its
comparison with tungsten ia prezented, illustrated by several microphotographs.
The main conclusions are that at 1600°K the surface is freed from zll adsorbed
goe atorne and that oxygen adsorbed at the cold tantalum electrode tip considerably
reducea the amission but surface oxddation achieved by heating the tip in oxygen
atmogphere dous not materially affect the emiszion propertes. (Translatioa by
Frisdman for LRI iz available!)

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/02/14 : CIA-RDP81-01043R003800240001-9



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/02/14 : CIA-RDP81-01043R003800240001-9

&

5) Gorbatyi, Reshetnikova, Sytava and Shuzss The Electrostatic Emission from

a Tantalum Single Crystzl, Zh, tekh, Fiz. 27, 294 {1357). Abstract: Spherical
projectors were made up with Ta points. A specimen etched with 90% HF and

10% HNO3, used in vacuum conditions approxmately 10-!! mm Hg, heated to

2600° K, givas a picture sxactly corresponding to those for W and Mo. Photo-
graphs are given for a specimen in a variety of conditions such as: insufficiently
annealed, heated at 26000K, heated to 1000-1100°K, epecimen with soiled surface.

Treatment of the point by 2 rexcried field leads, in the case of Ta, to a considerable
increase of emission current.

6) Gofman, Smirnov, Spivin and Shuppe, Electrostatic Electron Emission of Semi-
conductors, Zh, Tekh, Fiz, 27, 2562 {1557). Abstract: An inveatigation of the
field emission from a carbided W tip shows that the characteristic of emission
current plotted against potential is in agreement with theory.

7} M. I, Elinson and D. V. Zernov, Concerning the Mechanism of Electron
Emisslon from Thin Dielectric Layers, Rad. i. Elek. 2, No. ! (1957). No abstract
available,

8) R, Rompe, Certain Investigations of Cold Electron Emission from Monocrystals
of Cadmium, Rad. i Elek, 2, No, 2 (1957). No abstract available.

$} Elinson, Gor'kov and Vasii‘ev, fnvestigationz of One Meothod of Reducing the
Bombardmoent of Field Emission Cathodes, Rad, i Elek, 2, No
abgtract available,

10) Elinson and Vasilisvy, Experimental Investigation of Field Emission from
Lanthanum Hexaboride, Rad, i Eleck. E, No. 3, (1957). No abstract available.

11) Elinson, Gorkov and Vasil'ev, Field Emission of Rhenium, Rad. i Elek, 3, 307
(1958}, Abstract (LRI translation): Establishment of tha great stability of rhenium
against jon bombardment as compared with tungsten, ard confirmation of ite
earlier deocribed weak adsorptive ab:lity. Investigation of emisaion patterns of
rheaium emitters, corresponding to ite hexagonal lattice structure. Analogous
patterns of rhenium-covered tungeten alsc show distinct hexaqg. :1 structure
rolated to thickness of rhenium coating of about 1500 atomic vars,

12) M. I, Elinson, On the Influence of Gas Adsorption at the cface of an Emitr~r
upon its Field Emission, Rad. i Elek. 2, 438 (1958). (Two «e note). N ..giract
available.

In the Polish Journal Acta Phys, Polon. _Zi:, 501 (1955), R, h s¢lan zad L. ¥Woj;da,
On the Influence of the Shape of the Nickel point on the Electro.. 1. in the Miller
Microocope. Abstract: By uszing 2 N: scint on 2 Mulier point-¢ < ion microscope,
it ie shown that geometry can play a decisive part in determini: | e image pattern
fromn a crystai. The effect of change of geometry caused by 8 -..ce migration of
atoms causes pattern changes which may be nmuch mere s8igmif .t than the effects

of varying work function or different1:l adsorption.

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/02/14 : CIA-RDP81-01043R003800240001-9



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/02/14 : CIA-RDP81-01043R003800240001-9

5) Gorbatyl, Rechetnikova, Sytaya and Shuppe, The Klectrostatic Emission from
a Tantalum Single Crystal, Zk. tekh, Fiz. 27, 296 (1957). Abstract: Spherical
projoctors were made up with Ta points. A specimen etched with 90% HF and

10% HNOj3, used in vacuum conditions approxdmately 10-1! mm Hg, heated to
2600° K, gives a picture sxactly corresponding to those for W and Me. Photo-
graphs are given for a specimen in & variety of conditions such as: insuificiently
snnealed, hoaied at 2600°K, heated to 1000-1100°K, specimen with soiled surface.

Treatment of the point by a reversed field leads, in the case of Ta, to a considerable
Increase of emission current.

6) Gofman, Smirnov, Spivin and Shuppe, Electrostatic Electron Emission of Semi-
conductors, Zh, Tekh. Fiz. 27, 2662 (1957). Abstract: An investigation of the
field emission from a carbided W tip shows that the characteristic of emission
current plotted against potential is in agresment with theory,

7) M. I, Elinson and D. V, Zernov, Concerning the Mechanism of Electron
Emission from Thin Dielectric Layers, Rad. i, Elek. 2, MNo. 1 (1957). No abstract
available,

8) R. Rompe, Certain Investigations of Cold Electron Emisszion from Monocrystals
of Cadmium, Rad. i Elek. 2, No. 2 (1957). No abstract available.

9} Elinson, Gor'kov and Vasii'ev, Investigations of One Method of Reducing the
Bombardment of Field Emmizsion Cathodes, Rad. i Elek. 2, No. 2(1957). Neo
abatract available.

10) Elinson and Vasil'ev, Experimental Investigation of Field Emission from
Lanthanum Hexaboride, Rad. i Eleck. 2, No. 3, (1957). No abstract available.

11) Elinson, Gorkov and Vssil'ev, Field Emission of Rhenium, Rad. i Elek. 3, 307
(1958). Abstract (LRI translation): Establishment of the great stability of rhenium
against ion bombardment as compared with tungsten, and confirmation of its
carlier described weak adsorptive ab:lity. Investigation of emiesion patterns of
rhenium emitters, corrzsponding to 1its hexagonal lattice structure. Analogous
patterns of rhemaum-covered tungsten also show distinct hexag...s1 structure
related to thickness of rhenium coating of about 1500 atomic yers,

12) M. I, Elinson, On the Influence of Gas Adsorption at the ctace of an Emitter
upon its Field Emission, Rad. i Elek. 3, 438 (1958). (Two ce note)., N .-.giract
available,

In the Polish Journal Acta Phys. Polon, f‘_f, 501 (1955), R, N «r]avw aad L. Wojda,
On the Influence of the Shape of the Nickel point on the Electros. 1. in the Miller
Microscope. Abstract: By using a Ni point on a Muller point-+ 2 10on microscope,
it is shown that geometry can play a decisive part in determini.,, "ie image pattern
from a crystal. The effect of chaage of geometry caused by 8 -..ce migration of
atoms causes pattern changes which may be miuch more signif = .t than the effects
of varying work function or differeatizl adsorption.
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14) Imv. AHSSSR (Bull. of Acad. of Sci. of USSR, Phys. Seriass), 20, No. 9
{(Sept. 56): M. D. Morgulis, Some rasearch results and tagks in the field
of cathode electronics, 977-992.

i5) V. M. Gavriliuk, Effect of adsorbed bzrium atom films and barium exide
polaz molecules on the work function of slectrons emitted from tungsten, gold
and germanium, 1071-1075,

16) N, D. Morgully and V, M, Gavrilluk, Effect of adsorbed films of dipole
molecules on the work function of clectrons emitted from metals, 1069-70.

17) Same journal, No. 10 {Oct. 56), I. M. Dyxman, Changes in the work
function of electrons due to zdsorption on the surface of metals of dipole
molecules, 1076-78.

18) D. V. Zernov, Autoelactronic emission and autoelectronic cathodes,
1135-1136.

19) Shuppe, Sytala and Xadyrov, Work function of electrons emittad from
tungaten single crysial (i10) faces and positive surizce ionizztion of sodium
on this face, 1142-1150.

20) I. L. Sokol'akaia, Surface migration in an electric field and the atomic
birding energy of tungeten, 1151-1152.

21) Trudy I'TI AN Us,.SSR {Trans. of Uzbok S8R Ingtitute of Physics and
Technology), f;_ (1955): G. M. Avek'inzts, Theory of electron emisasion from
metals in an elactric fleld, 43-54.

22) Zhur, tekh. fiz. {Journal of Technical Physico) 2_7, No. 4. A, I. Klimin,
Autvelsaztronic emission from Cadmium sulfide and selenide, 719-721,

23) Fix. met. | metalloved. (Physico of metals and phyeical metallurgy),
i Mo, 2 (1957): A, Z. Vekaler, Theery of clectron emission in ferrornagmnetic
materiala czused by an elcctrosiatic field, 222.227.

24) Prib. i tekh. okep., (Instruments and experumental techniques) No, 3,
(Nov-Dec 56). A. P. Zingerman and V. A. Morozovekii, Investigating the
non-uniformity of work functions om motal surfaces, 65-69.

25) Rad. i Elek. 3, 307 (Maxr, 58): M, I. Elinson and V. A, Gorkov, Fisld
Esmiesion of Rheniwmn,

26) Same, 438: M. I. Elinson, On the Influsnce of Gas adsorption at the surface
of emitrer upen its fleld emiszeion.,

27) Rad. i. Elek, 3. 945 (July 58). 24, 1, Elinson and G, F. Vaailiev, Invosti-
gxtion of the fleld emicsion of Lyathpaum hexaboride.

28) Game, 962: Q. ¥. ¥asilbev, On the theoryof ¥, E, from semiconductors,
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Research in Autoelectronic Emission of Lanthanum Hexaboride

M. E. Elinson, G. F. Vassiljiev

Translated from Radiotekhnika i Elektronika 3, 945 {1958)

It is evident that the autoelectronic cathode of lanthanum hexaboride
allows one to draw considerable stationary (~10 ma) and impulsive (~1 a)
autoelectronic currents, which correspond to current density ~107 a/em?,
With the help of an electronic projector, an emission picture of the boride
is received. Investigated are the adsorption properties on the boride surface
and its stability against ionic bombardment. Additional details indicate
against the idea of boride as a coatéd cathode. It shows that with high
temperature processing, the characteristic smoothness due to migration
on its suriace is not observed, in Qiff from metals., It is established
that the volt-ampere characteristics correspond to the theory of auto-
electronic emission in metals,

Introduction

Up to the present time research in auto-electronic emission has
been done only in metals, Itis established that one of the principal
unavoidable reasons that shortens the life of auto-electronic emitters,
is the cathode sputtering of the emitter substance, to which the auto-
electronic emission is more sensitive than thermo-electronic.

But metals, among them the refractory, appear by far not the most
stable substance against cathode sputtering. Naturally, one must turn
attention to the possibility of such durable, refractory and stable substances
as the carbides, borides and nitrides of metals.

It appears that for some of these substances exceptional durability
is combined with low work function (ZrC, HfC, GdBg, Y Bg, La Bg).
The last one is especially attractive for research into the nature of these
substances as auto-electronic and thermo-auto-electronic emitters.

It is known that thermo-electronic emitters originating from certain
substances of the described type have not received, so far, wide-spread
attention because of the cost, which cannot be an obstacle in auto-electronic
emitters.

We can assume that the utilization of the above mentioned substances,
about the emissive properties of which in general there is very little
information, will establish a new stage in the development research of
electronic emitters.
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The goal in the present work, which is devoted to the research of
auto-electronic emission of LaBg, is to investigate peculiarities in the
emission mechanism, adsorption properties, stability against ionic
bombardment, also problems about the stability of geometrical form of

the emitters while being prepared in vacuum.
Apparently this is the first attempt in this direction.

The initial object of research appeared to be points LaBg (cross
gaction ~1.5x 1.5 mm and in length ~20 mm) cut with the help of
electro-erosion from larger points. The latter were obtained from boride
powder through hot pressure.

To get these points several chemical etchings and conditioners
were used. The best results followed electrolytic etching by a continuous
current in concentrated purified sulfuric acid with frequent check in the
optical microscope. Subsequent baths in ammonia are expedient Rather
smooth points are obtained by utilizing great current density (50 - 150 a/cm?)
in pulses (length of impulse ~0.5 sec) [Illustration !, as an example are
shown electronic and optical microphotographs of the points after electrolytic
etching. In Illustration 1-b, the outline of individual crystals of boride are
well shown.

Illustration 1. Microphotographic points from
LaBg: a, optical; b, electronic.

To heat the emitter without destroying it presents well known
difficulties. Illustration 2 depicts the methods we applied in strengthening
and heating boride. Here are also shown the applied construction of the
experimental apparatus.

[lustration 2. Construction of emitters and
experimental instruments (emitters, anodes,
protected spiral, fluorescent screen).

Heating the boride was achieved by calculating the heat conductivity
(Fig. 2-a) or with direct passage of the current (Fig. 2-b), or electronic
bombardment (Fig. 2-c) Most often combined heat was used.

The instruments were auto-electronic diodes with anode in the form
of tightly wou.d basket of tungsten wire (Fig. 2-d), or like Muller's
projector of different construction (Fig 2-e) Inthe majority of cases
the protecting spiral OC was applied which protects the cathode foot and
glass tube from the electronic bombardment, and focuses the electronic
current on the emitter during the bombardment, with the purpose not to
destroy it.

/
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In the majority of cases with average temperature in heating
(1000 - 1300°C) at the surface of the boride a thin, stable dielectric film
is formed (more exact, a series of dielectric islets) the presence of which
can be recognized by the characteristic change of color in the emitter and
its impossibility to conduct an electronic bombardment. The deep, rich
violet color, characteristic of pure boride, changes more often to turquoise
tint (although other colors can be seen). This {film can hold without strain
up to 1 kilovolt and appears as the source of a sharp unstable auto-electronic
emission. There is no doubt, the reason for the vacuum arc is the sharply
strengthened field, which is caused by the positive charges stored on the
surface of the dielectric film.

Spectral research, also analysis of possible chemical reactions
and physical appearances, show that this film possibly represents the oxide
of lanthanum,

To set the film completely free occurs at a temperature of about
2000°C. During this process the emission obtains an extremely stable
character. The stability of the emission appears also after the above
described vacuum arc, which apparently cleans the surface of the emitter,
A characteristic peculiarity of highly (that is at 2000°C) heated emitters
is that they give a very great emission current at relatively low voltage
(for example: 5 ma at 4 kilovolt, while emission often begins at 1,5 to 2
kilovolt) and with comparatively big diameters at the very end of the point
(usually 4 - 6 microns). At such high temperature a rather interesting
evaporation of boride takes place. In many instances, because of the strong
evaporation, the macroscopic diameter of the point was very large (about
100 microns), and in sp.te of thie, the auto-electronic emission began at
rather low voltage.

Illustration 3. The appearance of irregularities
on the surface of the emitter after heating at
temperature of 2000 to 2100°C.

All this compels us to assume that at high temperature on the
surface of the emitter appear irregularities of small dimensions. Cn the
electronic microphotographs (Ill. 3) it is obvious that similar irregularities
of dimension 0.01 - 0.1 micron develop at the tip as well as on the conic
part of the point,

This mentioned phenomenon sharply distinguishes boride from
metals. It is well known that at approximately the same temperature
(2000 - 2200°C) even in the refractory metals a considerable surface
migration of atoms can be observed at the very tip of the point, which makes
it smooth. It is possible that the irregularities are connected with the
impoverishment of "near-the-surface" layers d lanthanum. This calls for
the reconstructing of connections between knots (?) of the lattice and

creating a new substance, for example LaBj;.
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Of course, the surface structure must also change with it, Absence
of migration proves the stability of the new lattice. Furthermore one can
assume that the work function must also change, although in view of the
strong geometrical irregularities, it is difficult to prove with auto-electronic
methods.

Due to the complexity of surface processes in changing boride, we
have no success at the present time in preserving the form of the emitter,

which it received after the etching.

2. Emission pattern and adsorption propertics

From the point of view of auto-electronic emission it is very
important that the cathode is not coated, as the adsorptive layers are
displaced very easily by ions,

As is known, the mechanism of emission of LaBg is explained
variously: Lafferty(l) considers it a coated cathode, and Samsonov,
Neshpor and Kuguntsev( 2) - not coated (that is: low work function inherent
in the substance itself). We assume the emission pattern observed on the
screen of the projector could help solve the problem,

Illustration 4-a is an emission pattern of a cold point, and
illustration 4-b a point from LaBg heated to 850°C.

Illustration 4., Emission pattern of the point.
a - cold point; b - at 850°C.

In Illustration 4-a is no structure; all that can be seen is only a
fluctuating pattern of adsorption. This could be explained as a coated
cathode, if it were not known that pure metals also can give a similar
pattern in a cold state,

In heating the point, its surface is cleared from adatoms, the
current increases and there distinctly develops a cubic crystal structure,
characteristic for LaBg (Ill. 4-b). Characteristic crystallographic planes
are shown in the illustration. As the current accelerates, the adsorption
film, which can be observed in Ill. 4-a, increases the work function and it
obviously is not the film of lanthanum,.

Transformations of emission patterns are exactly the same as in
case of metals. Hence it can be concluded with confidence that LaBg does
not appear as a coated cathode. Besides, LaBg is apparently inclined to
oxygen contamination, evidence for which includes, besides emission
patterns, a series of volt ampere characteristics of the cold cathode, which
were taken satisfactorily after heating the emitter, and then after 10, 20,
60, 90 min. (Ill. 5-z). Obviously, the work function continually increases.
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In Il1, 5-b are shown the same characteristics for the heate:'
emitters (850 - 900°C), which were taken after 60 and 90 minutes, one
after the other. In the region of high voltage, the characteristics coincide,
which proves the absence of contamination in the given case {at low voltage
appears a fluctuation in temperature).

Illustration 5. Characteristics Ini = f(t/u) of
point. a - cold; b - at temp. = 800 - 900°C.
Curve 1 - directly after heating the emitter;

2, 3, 4, 5 - after 10, 30, 60 and 90 minutes
correspondingly; X - directly after heating;

@ - after 60 minutes; © after 90 minutes.

Illustration 6 shows a typical dependence of emission current on
time, at continuous current (curve 1) and with episodical switching on
(curve 2). As the curved lines are close to each other, so here too the
falling current cannot be explained by the combination of an active film
directly with ions. Again the decisive factor is the contamination.

Illustration 6. Dependence of the emission current
on time with continuous current (curve 1) and during
the episodical switching on of voltage (curve 2).

Illustration 7 shows the emitter's volt-ampere characteristics,
directly after prolonged heating at T = 1500°C, then again after 15 minutes
and again directly after the next heating at 850°C.

From Ill. 7 it appears {first that the work function increases by
60 - 704, with contamination and, secondly, the principal mass of adsorbed
gases withdraws at ~850°C,

Illustration 7. Characteristics Ini = { (i/u):
O - directly after heating; X - after 15 minutes;
¥ - directly after the second heating to 850°C

In conclusion let us mention that the prolonged and strongly heated
emitters hardly show any contamination. This interesting fact gives evidence
of either the influence of internally dissolved gases, or the change of
adsorption property while cleaning the surface, or, lastly, structural
changes which have been mentioned earlier,

3. Temperature Dependence of Auto-electronic Current

Dependence of auto-electronic current on temperature for LaByg
shows behavior which is typical of metals, as has been observed before.
For boride, as a result of low work function, deflection of the characteristics
Ini = f(i/u) from the straight line are observed with relative low temperatures.
Temperature dependence is shown in Illustraticn 8.
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Illustration 8. Changing of characteristics
Ini=f (i/u) with temperature,.

4, Impulse Tests

Impulse tests were conducted by us with emitters first of all with
the purpose to study their behavior during high current density. In various
tests were observed currents 0,2 - 1 a at 9 - 20 kv and at pulse lengths
3 microseconds and at frequency 300 sec”!. The corresponding current
density amounted to ~107 a/cm®. These mentioned currents could be
observed for some time without their changing their magnitude.

In the process of tests were confirmed also the well known
observations of Dyke about the strong currents near the vacuum arc, about
the spreading of the local arc, which arises at a definite place on the surface
of the emitter, to its whole surface, and also about the disappearance of the
dark edges on the emission pattern.

The second problem of impulse tests is the utilization of the vacuum
arc giving the emitter a definite shape with the purpose of subsequently
determining the work function. It has been shown, that with this method
one can systematically get smooth, nearly spherical, surfaces, but with
considerable diameters ( ~10 microns), which 1s not always desirable.

Cf special interest appear tests of emitters in stationary condition.
It is possible to observe for some time unalterable currents (5 - 10 ma),

which noticeably distinguishes the behavior of boride from that of metals,

5. lon Bombardment

Tests of the stability of boride against ionic bombardment were the
main purpose of the present research. Corresponding with the earlier
described method(4) the dependence u {t) at i = const. was observed with
different vapor pressures of mercury

Illustration 9 shows curves u/uo = f(t) under mercury vapor
pressure p from 10-7 to 3x10° mm Hg. On this same illustration are
shown identical curves for tungsten and rhenium,

A greater characteristic peculiarity in curves u(t) for boride is
the absence of the regions of decrease, even under relatively very high
pressures, which proves the absence of the characteristic sharpening of
the emitters, that is, the greater stability against ionic bombardment,
considerably exceeding the stability of tungsten as well as rhenium. This
rise in voltage must be attributed to the contaminated surface of boride
with oxygen, which is always in the atmosphere of mercury vapor. For
illustration of this thought is curve 8, for tungsten. This also shows the
rise in u(t), caused by contamination, which replaces the drop in u(t},
caused by sharpening of the emitter,
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The end result appears very promising. The research in cathode
sputtering of borides must spread,and broaden experimentally and theoretically.

Illustration 9. Dependence u/ug = f(t), where
u is voltage on the instrument at a moment t,
with ugy at t=0; for i = const = 30 microamps,
for various mercury vapor pressures.

6. Current-voltage Characteristics

.

A considerable amount of the current-voltage characteristics taken
by us in the form Ini = {(i/u) differed from straight lines, which are
characteristic for auto-electronic emission of metals.

At the beginning we interpreted such characteristics as evidence of
a difference from metals of the emission mechanism of LaBg. Subsequently
it was explained that in a number of cases the reason of deflection from
straight lines appears to be the above described cathode contamination during
the taking of these characteristics {formed with the accepted method
5 - 10 seconds).

The utilization of a line oscillograph to measure the characteristics
allowed us to shorten the time to take these characteristics to 0.2 - 0.3 sec.
In thie case the volt-ampere characteristics for LaBg always appear as
straight lines (Ill. 10).

Illustration 10. True behavior of characteristic
Ini={(i/u)

As has been indicated earlier, because of the complexity of
determining the emitter form and the magnitude of the electric field on
its surface, 1t is difficult to get reliable facts concerning the work function
from auto-electronic measurements. All this is a series of estimations,
done by us, leading to the important fact that the values are considerably
smaller than was found in thermo-electronic measurements. It is possible
that this is connected with the formation of a new phase (LaB)2) by extreme
heat. This problem requires further study.

Conclusion .
The established great stability of LaBg against ionic bombka=dment,
and also the possibility of obtaining large steady and impulse currents,
proves the great advantages of LaBg over metallic auto-electronic emitters.

It appears of great importance to do research in auto-electronic
emissions of other refractory compounds, and, first of all, those which have
a lower work function than LaBg.
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